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FOREWORD 

The work descr ibed  i n  t h i s  documen was performed a t  the 
I 

Nuclear Aerospace Research F a c i  i t y  (NARF) of t h e  F o r t  Worth 

Div is ion  of General Dynamics f o r  he Space Nuclear Propuls ion  

Of f i ce ,  Cleveland, Ohio (SNPO-C) under Statement of Work No, 5 

(Attachment 1, Contrac t  AF 9(601)-7077, Supplemen a1 Agreement: 

NO, l o o  

The eva lua t ion  of  t h e  hydrogen-gas d e t e c t o r  was performed as 

a p a r t  of GTR Test 21 which i s  the most r e c e n t  of a series of 

tes ts  being conducted on NERVA components and materials f o r  

SNPO-Co The o t h e r  p a r t s  of GTR Test 21, which w i l l  b e  r epor t ed  

i n  s e p a r a t e  volumes, are parahydrogen-orthohydrogen conversion,  

thermal conduc t iv i ty  and r e s i s t i v i t y  of materials, and materials 

s t r u c t u r a l  p r o p e r t i e s ,  

Acknowledgment i s  given t o  Messers, Malbone Greene, 

Ray Wilson, and John Harmon of Beckman nstruments  f o r  their  

coopera t ion  i n  expla in ing  and demonstrating t h e  theory ,  ope ra t ion ,  

and maintenance of t h e  analyzer .  
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SUMMAR 

has been conducted o e v a l u a t e  t h e  performance of  

a polarographic  hydrogen-gas d e t e c t o r  when subjec ted  t o  

va r ious  levels of r e a c t o r  r a d i a t i o n .  The d e t e c t i o n  system w a s  

designed and f a b r i c a t e d  by Beckman Ins t ruments ,  Inc ,  f o r  t h e  

Nat iona l  Aeronaut ics  and Space Adminis t ra t ion,  

One hydrogen sensor  was i r r a d i a t e d  w i t h  t h e  Ground Test 

Reactor a t  several power levels from 4,4 kW t o  4,4 MW ( g a m a  

dose rates of 2.3 x 10 t o  2,3 x 10 ergs /g  C-h). Cold n i t r o -  

gen gas  w a s  used t o  coo l  t h e  i r r a d i a t e d  sensor ,  Sample gases  

con ta in ing  0 , 4 3 ,  1,08,  o r  2.47% hydrogen i n  a i r  were suppl ied  

t o  t h e  t es t  sensor  and a c o n t r o l  sensor  through a flow meter 

and gas  d i s t r i b u t i o n  system. The response of  the senso r s  

( i n d i c a t e d  percent  hydrogen) and t h e  response t i m e s  w e r e  moni- 

t o red  as a func t ion  of r e a c t o r  power level, 

6 9 

h e  p r i n c i p a l  e f f e c t s  observed w i t h  i n c r e a s i n g  exposure 

r a t e  were:: (I) a decrease  i n  response,  (2) an upsca le  zero  

s h i f t ,  and (3)  zero  i n s t a b i l i t y ,  The response had decreased by 
8 90% a t  an exposure ra te  of 2 x l O  

9 
e rgs /g  C-h, and a 

0 ergs /g  C-h t h e  i n d i c a t e d  hydrogen concen t r a t ion  w i t h  t h e  

.47-% sample gas  was around 0,75%, A recovery of response 

occurred w i t h i n  minutes a f te r  c e s s a t i o n  of t h e  i r r a d i a  



9 he sensor  c2 ,43  x Q e r g s j g  c and 

was s u f f i c i e n t  t o  

e and crack ,  The o t h e r  organic  

m a t e r i a l s  appe v e l y  good eo 

u l t i m a t e  f a i l u r e  of t h e  sensor  was due 

v i a  evaporat ion through t h e  membrane, 

e l e e t r o l y % e  is a. e h a r a c t e r i s t f e  of t h e  sensor  which limits i t s  

u s e f u l  f i f e ,  1 

~ E v a ~ ~ r a t i ~ n  of 

A t h e o r e t i c a l  a n a l y s i s  of t h e  opera t ing  p r i n c i  

of t h e  d e t e c t o r  i n d i c a t e s  t h a t  t h e  observed r e s u l t s  can be  

explained as being due t 

1, A rad ia t ion- induced  s t e a d y - s t a t e  i n c r e a s e  i n  nega- 

t i ve - ion  concent ra t ion  of t h e  e l e c t r o l y t e  r e s u l t i n g  

i n  a decrease i n  s e n s i t f v i t y ,  

A rad ia t ion- induced  evolu t ion  of hydrogen gas i n  2, 

t h e  e l e e t r o  yte which produced t h e  upsca 

s h i f t ,  

3, ~ ~ p e r a t u r  f l u e t u a t i o n s  wh 

cons t an t  f o r  ~ ~ d i a t f o n o i n d u ~ e d  

t h e  e f e e t r o l y  

response,  
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1 . ~ N T R O D U ~ T I O N  

The performance of a Beckman polarographic  hydrogen-gas 

d e t e c t o r  when exposed t o  a r e a c t o r  r a d i a t i o n  f i e l d  has  been 

evaluated,  The tes t  w a s  performed a t  t h e  Nuclear Aerospace 

Research F a c i l i t y  (NARF) on 8 September 1967 by i r r a d i a t i n g  a 

sensor  w i t h  t h e  Ground T e s t  Reactor (GTR) a t  several power 

levels up t o  4,% MW. 

gen were used t o  determine t h e  instrument  performance as a 

func t ion  of  r e a c t o r  power level. 

Gases w i t h  known percentages of hydro- 

Beckman Ins t ruments ,  I n c , ,  designed and f a b r i c a t e d  t h e  

d e t e c t i o n  system f o r  t h e  Nat iona l  Aeronaut ics  and Space Ad- 

m i n i s t r a t i o n  under Cont rac t  NAS8-11940, 

l 





, DESCRIPTION OF' DEXECTION SYSTEM 

2 , l  Sensor  

A d e t a i l e d  d e s c r i p t i o n  and d i scuss ion  of  t h e  d e t e c t i o n  

system i s  given i n  t h e  Beckman f i n a l  r e p o r t  ( R e f ,  1), Only a 

summary i s  given h e r e ,  The sensor  c e l l  (Fig,  2 , l )  c o n s i s t s  of 

an e l e c t r o d e  c a v i t y  formed by an annular  epoxy r i n g  2 i n ,  i n  

diameter by 0,7 i n ,  t h i c k ,  The c a v i t y  i s  capped on t h e  a f t  

end by a copper d i s c ,  and t h e  forward end i s  c losed  by a gas-  

permeable membrane of 1 - m i l  po lys tyrene  f i l m  and a copper d i s c  

through which a h o l e  i s  d r i l l e d  t o  admit g a s  t o  t h e  membrane, 

Three e l e c t r o d e s  loca t ed  i n  t h e  c a v i t y  are immersed i n  an 

aqueous e l e c t r o l y t e  of  s u l f u r i c  a c i d  and copper s u l f a t e ,  

The anode i s  O0040-in,-diam gold  w i r e  w i t h  a l i g h t l y  

p l a t i n i z e d  sur face ,  The a u x i l i a r y  and r e f e r e n c e  e l e c t r o d e s  are 

c i r c u l a r  loops of  0,040-inO -diam copper w i r e ,  0,45 i n ,  and O,6O 

i n ,  i n  diameter ,  r e s p e c t i v e l y ,  

I n  t h e  normal conf igu ra t ion ,  t h e  sensor  c o n t a i n s  a h e a t e r  
0 0 

f o r  temperature  c o n t r o l  between -50 F and 86 F, and a the rmis to r  

f o r  compensation a t  temperatures  between 86'F and 120°F. The 

sensor  used i n  t h i s  test d id  no t  have h e a t e r s  since they  were 

n o t  t o  b e  subjec ted  t o  low temperatures ,  

The e n t i r e  sensor  assembly i s  enclosed i n  a two-piece 

housing of De l r in ,  The rear cap covers  the e lectr i  

and t h e  forward cap i s  threaded and has  a p l a s t i c  p l  

3 
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be  ad jus t ed  t o  vary  t h e  th i ckness  of e l e c t r o l y t e  between t h e  anode 

and membrane. The threaded plug p res ses  a g a i n s t  a Euc i t e  d i s c  

covering t h e  forward copper cover p 

2, 2 

The following explanat ion of t h e  opera t ing  p r i n c i p l e  is 

taken from Reference 1, 

The polarographic  hydrogen d e t e c t o r  i s  an 
e lec t rochemica l  device  t h a t  ox id i zes  hydrogen 
molecules t o  hydrogen i o n s  a t  a c a t a l y t i c a l l y  
a c t i v e  e l e c t r o d e  s u r f a c e  and y i e l d s  an e l e c t r i c a l  
c u r r e n t  t h a t  i s  p ropor t iona l  t o  t h e  p a r t i a l  
p re s su re  of hydrogen gas  i n  a sample gas  mixture,  
The a c t i v e  e l e c t r o d e  s u r f a c e  i s  exposed t o  t h e  
sample gas  mixture by means of a semi-permeable 
membrane, The membrane a l s o  serves  t o  conta in  
t h e  l i q u i d  e l e c t r o l y t e  i n  t h e  d e t e c t o r  c a r t r i d g e ,  
Energy i s  suppl ied t o  t h e  e l e c t r o d e  system i n  
o rde r  t o  maintain t h e  r a t e  of t h e  r e a c t i o n  a t  a 
l e v e l  t h a t  y i e l d s  a l i n e a r  c a l i b r a t i o n  of de tec-  
t o r  output  c u r r e n t  w i th  hydrogen concent ra t ion  and 
t h e  p o t e n t i o s t a t i c  c i r c u i t r y  serves  t o  c o n t r o l  
t h e  sensor  p o l a r i z a t i o n  v o l t a g e  cont inuously a t  
t h e  experimental ly  determined opt imal  va lue ,  The 
r a t e  of r e a c t i o n  e s t a b l i s h e d  a t  t h e  anode s u r f a c e  
i s  of such a magnitude t h a t  i t  i s  always much 
g r e a t e r  than t h e  r a t e  a t  which hydrogen gas mole- 
c u l e s  d i f f u s e  through t h e  semi-permeable membrane, 
Thus, t h e  r a t e  of response and s e n s i t i v i t y  charac-  
t e r i s t i c s  of t h e  d e t e c t o r  a r e  completely es tab-  

i shed  by t h e  d i f f u s i o n  proper i e s  of hydrogen gas 
through t h e  membrane and t h e  geometry of t h e  t r a n s -  
ducer and e l e c t r o d e  system, 

Hydrogen mo h d i f f u s e  through t h e  membrane a r e  

adsorbed on he anode and t h e  electrochemical  counter reac t ion  

t h e  a u x i l i a r y  e l e c t r o d e  so t h a t  a l l  c u r r e n t  f 

een these  two e l e c t r o d e s  through t h e  e l e c t r o l y t e ,  

5 



which i s  pr~portionaL t o  t h e  p a r t i a l  prcssrrre 0% the 

hydrogen p r e s e n t ,  d r i v e s  a meter which i s  c a l i b r a t e d  i n  pe rcen t  

of lower exp los ive  limit (LE A change i n  

barometr ic  p r e s s u r e  i n  t h e  v i c i n i t y  of the sensor w i l l  be ~ e e n  

as an error in hydrogen concen t r a t ion  d i r e c t l y  propor t iona  

t h e  barometr ic  sh i f t ,  Both channels  t e s t e d  had a s e n s i t i v i t y  

range of 0-100% LEE, o r  0 ~ 4 %  hydrogen i n  a i r  by volume, 

xcsgen i n  a i r ,  

The t h i r d  e l e c t r o d e  is f o r  t h e  purpose of main ta in ing  a 

The anode r e f e r e n c e  p o t e n t i a l  fo r  t h e  e lec t rochemica l  cel l ,  

i s  k e p t  a t  450 mV p o s i t i v e  w i t h  r e s p e c t  t o  t h e  r e f e r e n c e  elec- 

t r o d e ,  

a c t i v e ,  a 10-msec, 800-mV anodic  p u l s e  followed by a 20-msec, 

200-mV ca thod ic  p u l s e  is app l i ed  t o  t h e  anode once every 20 sec. 

During t h i s  pu l s ing ,  t h e  meter c i r c u i t  is clamped off t o  mask 

t h e  t r a n s i e n t ,  

2 . 3  Ins t rumen ta t ion  

I n  o r d e r  t o  keep t h e  anode c o n s t a n t l y  c a t a l y t i c a l l y  

The 

a module 

a *  

b ,  

C ,  

d,  

e* 

i n s t rumen ta t ion  for each hydrogen senso r  i s  conta ined  i n  

and consists of t h e  foblowing f u n c t i o n a l  groupings:: 

The p o t e n t i o s t a t i c  c i r c u i t r y  

Curren t  a m p l i f i c a t i o n  memory, and temperature  
compensation c i r c u i t r y  

Bias ing  and r e a c t i v a t i o n  pu l s ing  c i r c u i t r y  

Power s u p p l i e s  and h e a t e r  c i r c u i t r y  

Readout and alarm c i r c u i t r y  

6 



The ope ra t ion  of t h e s e  c i r c u i t s  i s  descr ibed  i n  Referen 

The c o n t r o l s  of p a r t i c u l a r  i n t e r e s t  i n s o f a r  as t h e  r e s u l t s  of 

t h i s  experiment are concerned are t h e  poten t iometers  for c u r r e n t -  

a m p l i f i e r  ga in  and r e c o r d e r  zeroing,  





3 EXPERIMENTAL PROCEDURES 

30 l 

The upper temperature  l i m i t  of t h e  sensor  i s  about 12OoF 
0 

and a d e s i r a b l e  opera t ing  temperature  i s  around 86 F, S ince  

cons iderable  nuc lea r  hea t ing  w a s  expected during t h e  i r r a d i a t i o n ,  

t h e  sensor  was enclosed i n  a c y l i n d r i c a l  copper shroud c losed  

on t h e  ends w i t h  two f i n s  approximately 6 i n ,  i n  diameter, The 

annular  f i n s  w e r e  made t o  s l i p  over t h e  f r o n t  and rear caps of 

t h e  sensor ,  They were a t tached  t o  t h e  i n t e r n a l  copper p l a t e s  

by means of t h e  ce l l  assembly screws; a h e a t  conduction pa th  

was thus  provided, v ia  t h e  screws, from t h e  copper p l a t e s  t o  

t h e  f i n s ,  

Coolant gas  t o  t h e  shroud w a s  suppl ied  from t h e  gas  phase of 

a l i qu id -n i t rogen  s t o r a g e  tank through an i n s u l a t e d  l i n e ,  

p ropor t iona l  cryogenic  va lve  opera ted  manually from a B r i s t o l  

A 

er r egu la t ed  t h e  q u a n t i t y  of coolan t  gas ,  

Temperatures were measured a t h r e e  l o c a t i o n s ,  One copper- 

cons tan tan  thermocouple w a s  p laced  h s i d e  t h e  shroud t o  monitor 

gas  temperature ,  and one w a s  placed i n  con tac t  w i t h  t h e  Del r in  

housing behind t h e  e l e c t r o  y t e  chamber, The t h i r d  thermocoup 

h was used as t h e  tempera ture-cont ro l  po in t ,  was placed 

a g a i n s t  t h e  f r o n t  copper p l a t e  through a small  ho e d r i l l e d  i n  t h e  

9 



e d i s c ,  The thermocouple w s then p o t ~ e d  i n t o  t h e  

ho le  t o  hold  i t  i n  p o s i t i o n  a g a i n s t  t h e  copper p l a t e  f o r  good 

thermal contac t ,  

30 1 , 2  

The sensor  was  mounted i n  a framework to  p o s i t i o n  i t  a t  

t h e  w e s t  face of t h e  Ground Test Reactor  (GTR) on t h e  core 

c e n t e r l i n e ,  

toward t h e  r e a c t o r  w i t h  t h e  e l e c t r o l y t i c  c a v i t y  approxi-  

mately 6 i n ,  from t h e  w a l l  of t h e  reactor closet. 

The sensor  was pos i t ioned  wi th  t h e  axis poin t ing  

The l i n e  

supplying t h e  test gas  was arranged so as t o  exhaust t h e  gas  

d i r e c t l y  i n t o  t h e  opening of  t h e  sensor,, 

3 ,1 ,3  

A second sensor  w a s  set up on t h e  n o r t h  ramp o u t s i d e  t h e  

r e a c t o r  s h i e l d ,  The cont ro l - sensor  se tup  d i f f e r e d  from t h e  

t e s t - s e n s o r  se tup  only  i n  t h a t  no cool ing  was provided, 

sensor  was a t  ambstent-air temperature  ( +80°F). 

provided by t h e  same system. 

30% 

This  

T e s t  gas  was 

The system f o r  meter ing t h e  tes t  gas  t o  t h e  s e n s o r s , f s  

shown i n  F igure  301. Bo t t l ed  gas  w i t h  c e r t i f i e d  a n a l y s i s  of 

0.43, 1,08, o r  2,47% hydrogen by volume i n  a i r  w a s  suppl ied  

through a r e g u l a t o r  and flow meter (Brooks Rotameter, S i z e  R-2-  

156) t o  e i t h e r  sensor  by t h e  appropr i a t e  s e t t i n g  of valves, 

10 



Control  Sensor 
(North Ramp) 

T e s t  Sensor 

0.43% 
H2 I N  
AIR  

1.08% 
H2 IN 
AIR 

2.47% 
H2 I N  
A I R  

F igu re  3-1 Schematic of Gas Metering System 
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The flow m e  valves wer mounted i n  t h e  

3 , 3  Test Proeedure 

Wfth t h e  ana lyzer  $ y s t ~  cheeke out and o 

t h e  test sensor  was moved i n t o  p 

Both channels  were then ealfbrat f t  Imin sf 

t e s t  gas eonta infng  2,47% hydrogen t o  t h e  sensor and a d j u s t i n g  

t h e  ga in  of t h e  ampPff%ers so as t 

2,50%, 

i t i o n  adjacent 
3 

have a meter reading  sf 

The gases  w i t h  1,08 and 0,437, hydrogen were then  suppl ied  

t o  t h e  sensors ,  %n t u r n ,  and t h e  meter readings  r e ~ o r d e d ~  

Several d a t a  syefes were taken prf r t o  t h e  i r r a ~ i ~ t ~ ~ n  i n  

order t o  cheek repradtnefbflfty, 

The reactor was then op rated a t  t h e  power levels given 

The t i m e  a t  each power fwef and t h e  megawatt i n  Table Sol, 

minutes aecmula ed are a l s ~  gfven, 

ower level, the esoaant gas  w a s  r egu la t ed  s 

ma%ntain a tmperatur of about 75°F at the eopg 

f t h e  e l ~ ~ t r ~ ~ y t ~  chamber; t h e  aetual ~ e ~ p e r ~  

obta ined  during various d a t a  

Fsf lowing 

from t h e  close 

reactor was then moved back int and 

12 



Table 3-1 

G AND NEUTRON  EXPOSURE^ 

193.6-1929 0,013 0,20 1.73 X Io6 1,87 x 10I2 

1927-1950 0,044 1021 1,05 x 107 1.1% x 

1950-2007 0,44 8,69 7053 80 11 

2007-2028 0,87 27,o 2,34 X Io8 2.52 l o f 4  
2028-2046 1,76 58,6 5,08 5.49 

2046-2102 2,64 10009 8,75 

15 2902-2I13 %,50 13g04 1,21 l o9  1,30 x I O  

2193-2929 4,40 209,8 1 ,82  1,96 

2129-2210 000 209,8 P,82 1,96 

2210-2220 0 0 4 4  214.2 1,86 2,OO 

2220-2226 0,87 219 4 1. 90 2,05 

2226-2233 f , 7 4  231,6 2,01 

2233-2244 4,35 80,O 2,43 

2,16 

2,61 
~ ~ 

a Estimated from GTR mapping datao 
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ined  OW 

Seve ra l  d a t a  cyc es were taken immedia e t i o n  

of the i r r a d i a t i o n ,  and t h e  system was then hecked f o r  severa 

more days, Some a d d i t i o n a l  d a t a  were also obta ined  i n  t h  

o f  meter reading  vs temperature  of t h e  sensor  and m e  er reading  

vs zero-potent iometer  s e t t i n g ,  

30 4 

The parameters monitored dur ing  the tes t  were: 

1, Temperatures of t h e  copper p l a t e ,  coo l ing  gas ,  and 
e x t e r i o r  w a l l  temperature  of t h e  t es t  sensor ,  and 
w a l l  temperature  of t h e  c o n t r o l  sensor  

2, Zero d r i f t  of the e n t i r e  measuring system 

3, Zero d r i f t  o f  t h e  e l e c t r o n i c s  only  

4, Reference p o t e n t i a l  being app l i ed  t t h e  sensor  

5, P o l a r i z a t i o n  p u l s e s  be ing  app l i ed  t o  t h e  sensor  

6, Response a t  each of t h e  t h r e e  test-gas eoncen- 
t r a t i o n s  

7, Response t i m e  ach 90% of maximum 
reading)  a 2,47% hydrogen concentration 

The r e f e r e n c e  p o t @ n t ~ a l  was measur d with an NLS M 

d i g i t a l  vo l tmeter ,  The waveform of t h e  p o l a r i z a t i  n p u l s e  was 

recorded on a Tekt ronfx  Model 564 s t o r a g e  o a c i l l o s  

a l l y ,  Zero d r f f t  of the elee 

checked o c ~ a s i o n a l l ~  by u s e  of the '' a l i b r a t e "  p o s i t %  



func t ion  switch which s u b s t i t u t e s  an i n t e r n a l  dummy fo r  t h e  sensor ,  

The response  t i m e  was measuped w i t h  a s t o p  watch, 

purged and t h e  2,47% hydrogen turned on; t h e  s t o p  watch was s t a r t e d  

a t  t h e  moment t h e  meter began d e f l e c t i n g  and was stopped when 

t h e  p r e s e l e c t e d  value w a s  reached, 

power levels, t h e  zero  began d r i f t i n g  uprange, It w a s  decided 

t h a t  t h e  b e s t  way t o  handle  t h i s  problem w a s  t o  leave the g a i n  

adjustment a t  t h e  i n i t i a l  s e t t i n g  and r e z e r o  t h e  meter p r i o r  t o  

each d a t a  cyc le ,  

p o s s i b l e  t o  log  t h e s e  adjustments  and la te r  account f o r  t h e i r  

effect on t h e  da t a ,  

The system was 

With i n c r e a s i n g  r e a c t o r  

The c a l i b r a t e d  poten t iometer  knobs made i t  

A t y p i c a l  d a t a  c y c l e  cons i s t ed  of  t h e  fol lowing s t eps :  

Record temperatures  

Purge w i t h  d ry  a i r  

Measure and record  t h e  r e f e r e n c e  p o t e n t i a l  

Adjust  t h e  ze ro  of t h e  LEL meter and record  the 
potent iometer  s e t t i n g  

Check t h e  c a l 5 b r a t i o n  reading  and r eco rd  t h e  poten- 
t i ome te r  s e t t i n g  

Plow 0.43%-hydrogen g a s  a t  a ra te  of O,26 f t  /min 
and r eco rd  the LEL reading  af ter  approximately 
30 sec 

3 

Repeat S t e p  f w i t h  l ,08% hydrogen g a s  

Repeat S t e p  f w i t h  2,47% hydrogen gas  

Purge w&th d ry  a i r  

15 
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4, RESULTS AND DISCUSS 

4 , l  Results 

Of t h e  seven monitored parameters, t h e  r e f e r e n c e  p o t e n t i a l ,  

t h e  p o l a r i z a t i o n  pu l se ,  and t h e  ze ro  d r i f t  of t h e  e l e c t r o n i c s  

were q u i t e  s t a b l e ,  The r e f e r e n c e  p o t e n t i a l  remained a t  

450 2 2 mV throughout t h e  course  of t h e  t es t ,  and t h e  pu l se  

waveform was a l s o  unchanged as shown by a comparison of t h e  

photographs, The behaviors  of t h e  remaining fou r  parameters - 
s e n s i t i v i t y ,  zero  d r i f t  of t h e  system, response t i m e ,  and 

temperatures - are  presented and d iscussed  i n  t h i s  s e c t i o n ,  

The response d a t a  f o r  t h e  tes t  sensor  a r e  given i n  Table  

4-1 and are p l o t t e d  i n  F igu re  4-1 as a func t ion  of  t h e  gamma 

dose r a t e ,  The temperature measured a t  t h e  f r o n t  copper p l a t e  

of t h e  sensor  i s  a l s o  given i n  Table  4-1, as i s  t h e  s e t t i n g  

of t h e  zeroing potent iometer  p r i o r  t o  each d a t a  cyc le ,  

t h e  temperature s e n s i t i v i t y  of t h e  d e t e c t o r  i s  pronounced 

(F ig ,  4-21, t h e  d a t a  have n o t  been c o r r e c t e d  f o r  temperature  

v a r i a t i o n s ,  Temperature effects are d iscussed  i n  Sec t ion  5, 

While 

F igure  4-3 shows t h e  meter readings  as a func t ion  of t h e  

zeroing-potent iometer  s e t t i n g ,  F igure  4-4 shows t h e  unadjusted 

zero  reading  (without  test  gas)  as a func t ion  of  gamma dose ra te ;  

t h e  s lope  of t h e  "zero  pos i t ion"  curve of F igu re  4-3 w a s  used 

t o  compute t h e  meter reading  from t h e  zero-potent iometer  s e t t i n g s  

1 7  
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given i n  Table  4-1, 

w i t h  t h e  t e s t  sensor  a f t e r  completion of the i r r a d i a t i o n .  Also, 

i n  ob ta in ing  t h e  d a t a  of F igu re  4-2, t h e  sensor  was cooled s lowly 

The d a t a  i n  F igu res  4-2 and 4-3  were obta ined  

wi th  no a t tempt  being made t o  allow temperature  equi l ibr ium t o  

b e  e s t a b l i s h e d  throughout t h e  sensor ;  t h e  reason  f o r  t h i s  was t o  

more or  less s imula t e  t h e  cond i t ions  p r e v a i l i n g  during t h e  i r ra -  

d i a t i o n  t e s t  i n  which power levels,  and consequently temperatures ,  

were changed every 10-15 mine 

Table  4-2 g i v e s  t h e  response t i m e  a t  each reactor power 

l e v e l  through 0.44 MW. The response of t h e  instrument  i s  expo- 

n e n t i a l ,  and t h e  t i m e  cons tan t  i s  a r b i t r a r i l y  taken as the t i m e  

t o  reach  90% of t h e  f i n a l  va lue ,  o r  90% of 2.50 i n  t h i s  caseo 

However, because t h e  s e n s i t i v i t y  decreased w i t h  power level,  a 

po in t  was soon reached a t  which the f i n a l  reading  d i d  no t  

reach  90% of 2,50, A t  t h a t  t i m e ,  t h e  t i m e  cons t an t  w a s  taken as 

t h e  t i m e  t o  reach  90% of t h e  f i n a l  reading ,  no matter what i t  

was, With t h i s  d e f i n i t i o n ,  t h e  t i m e  cons t an t  w a s  found t o  remain 

i n  the 4- t o  10-sec range, 

of a s top  watch depended q u i t e  c r i t i c a l l y  on t h e  meter zero ;  

The t i m e  cons t an t  measured by means 

i f  t h e  ze ro  happened t o  d r i f t  down whi l e  t h e  measurement was 

being made, t h e  t i m e  cons t an t  w a s  lengthened apprec iab ly ,  A 

more a c c u r a t e  procedure would probably have been t o  r eco rd  t h e  

sensor  output  on a s t r i p - c h a r t  recorder .  
c 
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T a b l e  4-2 

RESPONSE TIME OF TEST SENSOR 

Power Level R e s p o n s e  "rime* R e s p o n s e  
w b e @ )  w i t h  2,47% H2 T h e  

1650 
1655 
1'703 
1725 
1830 

1904 0 , 0044 
1908 0,0044 
1918 0,013 
I922 0,013 

1935 0,044 
1940 0,044 
1944 0,044 
1951 0044 
1955 0044 
2000 0044 

2,6 
302 
2.8 
2 , 8  
303 

3,5 
308 
6,5 
800 

9,2 
6,5 
600 
11,6 
1900 
28 

%% 
T i m e  to reach 90% of 2,50, 
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Table  4-3 con ta ins  t h e  s e n s i t i v i t y  d a t a  f o r  t h e  c o n t r o l  

channel,  This  instrument  had an  apprec i ab le  and e r ra t ic  ze ro  

d r i f t  even i n  t h e  absence of r a d i a t i o n ;  the t i m e  cons t an t  re- 

mained r e l a t i v e l y  cons t an t ,  however, ranging from 2.5 t o  3 ,8  

sec, 

It should be  noted t h a t  a l though t h e  sensor  i s  tempera- 

t u r e  compensated above about 86'F by u s e  of a the rmis to r ,  t h e r e  

i s  no  d i r e c t  information a s  t o  t h e  a c t u a l  temperature of t h e  

e l e c t r o l y t e  o r  t h e  the'mistor, 

changed every 15 t o  20 min, i t  i s  q u i t e  l i k e l y  t h a t  t h e  tempera- 

t u r e  measured a t  t h e  f r o n t  copper p l a t e  w a s  no t  t h e  same as a t  

S ince  t h e  reactor power was 

o t h e r  p o i n t s  i n  t h e  sensor ,  Th i s  would have r e s u l t e d  i n  a 

t r ack ing  e r r o r  between t h e  the rmis to r  and t h e  thermocouple 

on t h e  copper plate,, Had s u f f i c i e n t  t i m e  been allowed f o r  

thermal equi l ibr ium t o  b e  reached, F igu re  4-2 would probably 

have been much f l a t t e r ,  For  t h i s  reason ,  no temperature  

c o r r e c t i o n  has  been app l i ed  t o  t h e  da ta .  

4,2 Discussion of R e s u l t s  

The main effects observed dur ing  and a f t e r  t h e  tes t  were: 

a ,  A decrease  i n  response (o r  i n d i c a t e d  hydrogen con- 
c e n t r a t i o n )  w i t h  i n c r e a s i n g  exposure r a t e  

b ,  An i n c r e a s e  i n  upsca le  zero  d r i f t  w i t h  i n c r e a s i n g  
exposure ra te  

c, An i n c r e a s i n g  i n s t a b i l i t y  of t h e  zero  wi th  
i n c r e a s i n g  exposure r a t e  
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d o  A f a i r l y  ra i d  recovery of performance fol lowing 
c e s s a t i o n  of i r r a d i a t i o n  

e, A rather severe degradat ion of t h e  D e l r i n  
housing 

f ,  A l a r g e  gas bubble i n  t h e  e l e c t r o l y t e  

As seen  from F igure  4-1, t h e  s e n s i t i v i t y  had decreased about 

10% a t  an exposure ra te  of 2 x lo8 erg/g 6-h, and t h e  response i s ,  

approximately a t  least ,  an exponent ia l ly  decreas ing  func t ion  of 

gamma dose r a t e  (see See, 510 It should b e  noted, however, t ha t  

t h e  same r e s u l t  would b e  obta ined  by p l o t t i n g  response vs neutron 

f l u x ,  It has been es t imated  tha t  the energy depos i t i on  r a t e  from 

neutrons i s  25% of t ha t  f o r  gamma rays  i n  t h e  e l e c t r o l y t i c  so lu -  

t i o n  , 

The upsca le  d r i f t  of t h e  meter reading  (with no hydrogen 

gas) above a dose ra te  of about I O 8  erg/g C responded r a p i d l y  t o  

changes i n  power leve l ,  The h igher  t h e  power level,  t h e  more 

uns t ab le  t h e  zero  reading  w a s ,  and i t  was v i r t u a l l y  impossible  

t o  complete a d a t a  c y c l e  wi thou t  the zero d r i f t i n g  up o r  down by  

an i n d i c a t e d  0 , l  t o  0,2%, This  d r i f t  accounts  f o r  much of t h e  

sca t te r  i n  t h e  d a t a  p o i n t s ,  

I n  a d d i t i o n  t o  outgass ing  hydrogen when i r r a d i a t e d ,  t h e  

p l a s t i c  materials used i n  t h e  cons t rue  ion  of t h e  sensor  are 

s u b j e c t  to physical degradat ion e s t  r e l a t i v e l y  l o w  exposure 

levels,  

29 



Although t h e  D e l r i n  housing was e m b r i t t l e d  and badly 

cracked (F igs ,  4-5 and 4 - 6 )  t h e  o t h e r  organics  appeared t o  

b e  i n  s a t i s f a c t o r y  condi t ion ,  

Upon disassembling t h e  senso r ,  i t  was found t h a t  a l a r g e  

gas  bubble had formed i n  t h e  e l e c t r o l y t e ,  There i s  no way of 

knowing when t h e  bubble  formed, b u t  s i n c e  t h e  e l e c t r o l y t e  can 

evaporate  through t h e  membrane, i t  i s  probable  t h a t  most of t h e  

loss of e l e c t r o l y t e  occurred dur ing  t h e  several days t h a t  

e lapsed between t h e  i r r a d i a t i o n  and i n s p e c t i o n  of  t h e  sensor ,  

Both of t h e  senso r s  had been f r e s h l y  charged w i t h  e l e c t r o l y t e  two 

days p r i o r  t o  t h e  i r r a d i a t i o n ,  The senso r s  have a mean l i f e  of 

about 10 t o  14 days due t o  evapora t ion  o f  t h e  e l e c t r o l y t e  which 

occurrs  i n  t h e  absence of i r r a d i a t i o n ,  a l though the evapora t ion  

ra te  i s  probably inc reased  by i r r a d i a t i o n ,  

A check of t h e  cond i t ion  of t h e  e l e c t r o l y t e  can b e  made by 

measuring i t s  ac impedance, Both sensors  had a n  impedance of 

when f r e s h l y  charged, A t  t h e  s t a r t  of t h e  tes t  50 h 

l a t e r ,  the test  and c o n t r o l  s enso r s  had impedances of 43 and 50 

kn Ip r e s p e c t i v e l y ,  A t  t h e  conclusion o f  t h e  i r r a d i a t i o n ,  t h e  

impedance of t h e  test  sensor  was 20 k and t h a t  of t h e  c o n t r o l  

sensor  w a s  80 k a Afte r  90 h ,  impedances were 62 and 81 kQ , 
and a t  190 h they were g r e a t e r  than l MSZ and 95 k for t h e  t es t  

and c o n t r o l  s enso r s ,  r e s p e c t i v e l y ,  
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5, ANALYSIS OF RESULTS 

50 l 

I n  the fol lowing d i scuss ion ,  an explana t ion  i s  o f f e r e d  f o r  

t h e  main effects l i s t e d  i n  Sec t ion  4,2, 

s i d e r a b l e  s c a t t e r i n g  of d a t a  a t  t h e  h igher  dose- ra te  levels,  

i t  i s  f e l t  t h a t  t h e  magnitudes of effects (a) and 

a func t ion  of dose ra te ,  are explained q u a n t i t a t i v e l y  by  t h e  

a n a l y s i s  given i n  Sec t ion  5 ,2 ,  A non-quant i ta t ive  and the re -  

f o r e  t e n t a t i v e  explana t ion  of effects (e) and (d) i s  g iven  i n  

Sec t ion  5 , 3 ,  Sec t ion  5,4 offers  a f e w  sugges t ions  which 

might conceivably b e  implemented i n  t h e  ope ra t ion  of  t h e  

Beckman ana lyze r  t o  make i t  more s u i t a b l e  f o r  use  i n  r a d i a -  

t i o n  f i e l d s  of dose r a t e  h igher  than 2 x PO erg/g C-h, 

F i n a l l y ,  Sec t ion  5 ,5  g i v e s  a summary of  t h e  conclusions 

I n  s p i t e  of the con- 

7 

reached , 

502  
of Dose Rate 

5,2,l 

Figure  4-4 shows t h a t  i n  t h e  absence of a hydrogen-gas 

specimen, t h e  i n d i c a t e d  hydrogen concent ra t ion  i n c r e a s e s  rather 

smoothly a s  a func t ion  of r a d i a t i o n  level fo r  dose- ra te  Peve 

i n  excess of 2 x I O  

which e s s e n t i a l l y  r e p r e s e n t  t h e  response t o  d i f f e r e n t  samples 

7 
erg /g  C-h, The curves shown i n  F igu re  4-1, 
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less t h e  "zero response" given i n  F igu re  4-4, f a l l  o f f  monotoni- 

c a l l y  i n  t h e  same range, The proposed explana t ion  f o r  such 

behavior i s  based on two f a c t o r s  which work i n  oppos i t i on  t o  

each o t h e r ,  v i z , ,  (1) a rad ia t ion- induced  s t e a d y - s t a t e  change i n  

the  e f f e c t i v e  pH of t h e  e l e c t r o l y t e ,  and 2) t h e  evo lu t ion  of H2 

gas due t o  energy depos i t i on  i n  t h e  e l e c t r o l y t e  i t s e l f ,  

The eva lua t ion  of t h e  e f f e c t  of a given change i n  pH must 

s t a r t  from t h e  p r i n c i p l e  of ope ra t ion  of t h e  e l e c t r o l y t i c  

system, It i s  i n f e r r e d  from t h e  d i scuss ion  given i n  Reference 1 

t h a t  t h e  r o l e  of  t h e  anode i s  t h e  same as t h a t  i n  a s tandard  

hydrogen h a l f - c e l l ,  Molecules of H2 a r e  adsorbed on t h e  platinum 

s u r f a c e  via t h e  product ion of H-atom p a i r s ,  

and e j e c t i o n  can occur ,  H 

t r o l y t e  i n  t h e  form of H 3 0  

Before recombination 
* 

i o n s ,  which are p resen t  i n  t h e  elec- 

(hydronium), a t t a c h  themselves t o  4- 

t h e  adsorbed H-atoms by v i r t u e  of  exchange bonds i n  a process  

which i s  equ iva len t  t o  t h e  e l e c t r o p l a t i n g  of metallic i o n s  on a 

metal e l e c t r o d e  of t h e  same type,  I n  t h e  absence of ano the r  

e l e c t r o d e ,  an e f f e c t i v e  c u r r e n t  of H atoms i n t o  t h e  anode, fH9 

would t h e r e f o r e  even tua l ly  l ead  t o  an anode p o t e n t i a l  JI, 

r e l a t i v e  t o  t h e  i n t e r i o r  of t h e  e l e c t r o l y t e ,  t is assumed t h a t  

when t h e  a u x i l i a r y  e l e c t r o d e  i s  i n  p l ace ,  a c u r r e n t  of nega*- 

t i v e  ions r e s u l t s  which sets up an  e lec t romot ive  f i e l d  capable  
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o f  producing a n  ohmic drop i n  t h e  e x t e r n a l  c i r c u f t  Qioeo9 t h e  

i n p u t  t o  t h e  c u r r e n t  a m p l i f i e r )  p ropor t iona l  t o  Po. 
L e t  q 0  be  t h e  v o l t a g e  between t h e  anode and the  i n t e r i o r  

of t h e  e l e c t r o l y t e  due t o  a n e t  p o s i t i v e  s u r f a c e  charge CT resu l t -  

i n g  from H+ ions  on t h e  anode, 

of H-atoms i n t o  t h e  anode (which i s  j u s t  twice t h e  c u r r e n t  

L e t  iH be t h e  c u r r e n t  d e n s i t y  

dens i ty  of H2 molecules i n t o  t h e  anode), L e t  i+ and i, b e  the 

* c u r r e n t  d e n s i t i e s  of  p o s i t i v e  QH 0 3 
t h e  anode r e s p e c t i v e l y ,  TRen for  a s teady  s ta te  condi t fon  a t  

and nega t ive  (SO;) i ons  t o  

t h e  anode, 

-iH = i+ e i, ( l l  
where t h e  nega t ive  c o e f f i c i e n t  of iH s i g n i f i e s  t h a t  t h e  anode 

4- i s  taken t o  b e  a t  x = 0 so t h a t  t h e  f l o w  of bo th  H30 and SO= 
4 

i ons  i s  i n  t h e  nega t ive  d i r e c t i o n ,  

i+, and i_ are  a11 c u r r e n t s  

It i s  t o  be  noted t h a t  iH9 

The n e t  surface charge d e n s i t y  on t h e  anode i n  t h e  s t eady  
-4- 

s ta te  condi t ion  depends on t h e  concent ra t ion  of H 0 ions  i n  

t h e  e l e c t r o l y t e  and on t R e  re la t ive  v e l o c i t i e s  of %Re p 

4 

and negat ive  i o n s  i n  t h e  f i e l d  of t h e  anode, S ince  Compton 

scatter e l e c t r o n s  due t o  gamma r a y s  and r eco i l  protons due t o  

neutrons are  s u r e  t o  des t roy  many H2O molecules, thereby producing 
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9 H and OH- i ons ,  i t  i s  reasonable  t o  suppose t h a t  a t  h i g h  r a d i a -  

t i o n  levels  t h e  s t e a d y - s t a t e  concen t r a t ion  of nega t ive  ions w i l l  

exceed t h a t  i n  t h e  u n t r r a d i a t e d  s o l u t i o n ,  The ques t ion ,  then ,  

i s  what effect  does t h i s  have on t h e  anodic surface charge 

and hence t h e  external-eurrent-inducing vo l t age  9,. 
The answer can b e  formulated by assuming t h e  e l e c t r o l y t e  t o  be  

* e l e c t r i c a l l y  n e u t r a l  and by r e l a t i n g  t h e  concent ra t ion  of H30 

a t  a given p o i n t  i n  t h e  e l e c t r o l y t e  t o  t h e  hydrogen c u r r e n t  

through Equation lo 

+ L e t  t h e  H30 concent ra t ion  a t  a r a d i a l  d i s t a n c e  x from t h e  

anode b e  c(x) and l e t  t h e  corresponding poten t ia l .  due t o  t h e  

anode b e  @(XI, where @(x) goes t o  ze ro  as x becomes large, I f  

U i s  t h e  v e l o c i t y  of t h e  p o s i t i v e  ions  i n  a u n i t  e lectr ic  f i e l d ,  

e 

i s  t h e  a b s o l u t e  temperature,  the c u r r e n t  d e n s i t y  of H30 i ons  

i s  t h e  e l e c t r o n i c  charge,  k i s  Boltzman's cons t an t ,  and T 

+ 

Equation 2 expresses  the fac t  t h a t  t h e  i o n  c u r r e n t  depends on 
I 

bo th  t h e  e lectr ic  f i e l d  due t o  t h e  anode and (because of dCffu- 

s ion)  on the g r a d i e n t  of a non-uniform ion d i s t r i b u t i o n  c ( x )  

see, f o r  example, Ref, 2 ,  from which t h e  above symbols were taken) ,  

Equation 2 t oge the r  w i t h  t h e  first p a r t  o f  Equation 1 gives 
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where i n  a d i f fus ion - l imi t ed  condi t ion  miH i s  independent of c(x) 

and depends only on t h e  p r o p e r t i e s  of t h e  membrane and on t h e  

e x t e r n a l  hydrogen concent ra t ion ,  

I n  o rde r  t o  calculate i n  terms o f '  c ( x > ,  one needs a 

s o l u t i o n  of Equation 3 tha t  holds  near  x = 0, It i s  seen  by  

in spec t ion  t h a t  i f  eo = c(0) i s  t h e  concent ra t ion  a t  t h e  anode 

and ci = e(-)  i s  t h e  concent ra t ion  f a r  from t h e  anode, one 

such s o l u t i o n  has  t h e  form 

provided t h a t  

The parameters 

51 -u (F kT 9 K) a = -iH 

K and a can b e  determined s imultaneously by making 

use of t h e  equat ion corresponding t o  Equation 2 f o r  t h e  nega t ive  

ions, I f  t h e  v e l o c i t y  of t h e  nega t ive  i o n s  i s  V ,  then t h e  current 

d e n s i t y  of nega t ive  i o n s  of average va lance  number n i s  

where use  has  been made of  t'he assumption t h a t  a t  each po in t  t h e  

p o s i t i v e  and nega t ive  ion  concent ra t fon  have t h e  same v a l u e  c(x), 

Thus, when Equation 4 i s  v a l i d ,  



k% is = -U (e -4- K) a 

Use of Equations 7, 8, and t h e  second p a r t  of Equation 1 y i e  

and from Equations 9 and 5, 

-4- It i s  seen t h a t  t h e  behavior  of bo th  t h e  H30 concen t r a t ion  

c (x )  and t h e  p o t e n t i a l  (XI are given a t  p o i n t s  nea r  t h e  anode 

by Equation 4 t o g e t h e r  w i t h  Equations 9 and PO; then t h e  s u r f a c e  

charge d e n s i t y  on t h e  anode can b e  expressed i n  terms of  t h e  as 

y e t  undetermined boundary concen t r a t ion  co by means of t h e  r e l a t i o n  

where Eo i s  t h e  e lectr ical  p e r m i t i v i t y  of t h e  e l e c t r o l y t e  and 

where use  has  been made of t h e  fact  t h a t  t h e  f i e l d  w i t h i n  t h e  

anode i s  zero,  From Equations 4 ,  9 ,  10, and 11, 
m 

where t h e  temperature  dependence has cance l l ed  o u t ,  

Given t h e  s u r f a c e  charge d e n s i t y  of  t h e  anode, i t  should be  

p o s s i b l e  t o  c a l c u l a t e  t h e  p o t e n t i a l  of t h e  anode w i t h  r e s p e c t  

t o  i n f i n i t y  by eva lua t ion  t h e  f i e l d  a t  each po in t  and i n t e g r a t i n g  

t h e  work elements from i n f i n i t y ,  Although, inasmuch as t h e  anode 
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i s  no t  a p o i n t ,  t h i s  would b e  a d i f f i c u l t  p rocess ,  one can m e r e l y  

observe t h a t  t h e  resu l t  w i l  b e  p ropor t iona l  t o  Q and express  

the p o t e n t i a l  a t  a p o i n t  x as 

.sew = a G K l  1 3  

where G(x) depends only  on t h e  geometry of t h e  e l e c t r o d e  system, 

I n  p a r t i c u l a r  a t  t h e  anode surface, one can d e f i n e  Go = G 

and ob ta in  f o r  t h e  potent ia l .  of the anode surface w i t h  r e s p e c t  

t o  i n f i n i t y  

$ 0  

or ,  from Equation 12, 

Q 151 

It i s  now d e s i r a b l e  t o  express  eo i n  Equation 15 i n  terns 

of  a more r e a d i l y  observable  concen t r a t ion ,  namely t h a t  which 

e x i s t s  fa r  from the per turb ing  i n f l u e n c e  of t h e  anode, I n  the 

development given thus  f a r  i t  has been assumed that  cQx) varies 

l i n e a r l y  from e near t h e  anode, The reason  for  i t s  vary ing  a t  

a l l  is, of course,  t h a t  t h e  more r a p i d l y  moving p o s i t i v e  ions  

tend t o  b e  r e p e l l e d  from the anode, I n  o r d e r  t o  d e s c r i b e  the varia- 

0 

t i o n  of i o n  d e n s i t y  as a func t ion  of d i s t a n c e  from t h e  anode, u se  

will b e  made of t h e  familiar r e su l t  from s t a t i s t i c a l  mechanics 

t h a t  t h e  d i s t r i b u t i o n  n(x9y,z  

t i v e  f i e l d  def ined  by a p o t e n t i a l  $(x,y,z) i s  given by 

O f  a system of ions  i n  a conserva- 

nQxsy,z)  24s n(-) exp - e$NxsY,zl/kT) 

39 
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Although t h i s  r e s u l t  i s  der ived  from t h e  assumption t h a t  t h e  system 

i s  i n  equi l ibr ium,  i t  i s  assumed h e r e  t h a t  i t  a l s o  a p p l i e s  

t o  t h e  s t e a d y - s t a t e  s i t u a t i o n  of  i n t e r e s t  ( t h i s  is equ 

t o  assuming t h a t  t h e  c u r r e n t  i+ i s  s m a l l  compared t o  t h e  t o t a l  

i on  f l u x  in ,  t h e  e l e c t r o l y t e ) ,  

f a r  from t h e  anode, 

Hence, i f  cl is t h e  concen t r a t ion  

c (x> = cl exp ( -  e 0-Q 
and i n  p a r t i c u l a r  

c = c p  exp ( - e P o / k ~ >  
0 

Combination of Equations 15 and 18 g ives  t h e  t r anscenden ta l  

r e l a t i o n  

which i n  p r i n c i p l e  can b e  solved t o  y i e l d  t h e  d e s i r e d  connection 

I n  o r d e r  t o  o b t a i n  a f a c i l e  s o l u t i o n  of 
1" 

and e 

Equation 19, it  ean b e  observed t h a t  if t h e  hydrogen-atom c u r r e n t  

dens i ty  t o  t h e  anode, iHs i s  s u f f i c i e n t l y  small, then the r a t i o  

Then Equation 18 impl ies  t ha t  i f  i 

i s  s u f f i c i e n t l y  small, t h e  r a t i o  eqo/kT must be  much less than 

u n i t y o  For  t h i s  eond i t ion ,  Equation 19 becomes 

H - c >/ep must be  small, 
0 



which g i v e s  

The second term i n  t h e  denominator of Equation 21 i s  always pos i -  

t ive ,  It i s  t h e r e f o r e  c lear  t h a t  

as expected, I f  i t  i s  a l s o  assumed t h a t  

i s  s m a l l  when iH is small, 
0 

then Equation 21 reduces t o  

= a- 'H 
q0 

where 
2 n u - V  

(n + 1) UTb a =  E o G o  

qO 
Equation 22 i s  t h e  des i r ed  approximate expression f o r  

t h e  v o l t a g e  induced by hydrogen adso rp t ion  on t h e  anode when t h e  

device  func t ions  w i t h i n  i t s  normal range of opera t ion ,  The 

phys ica l  s i g n i f i c a n c e  of t h e  dependence of  qo on i the 

hydrogen c u r r e n t  to t h e  anode, and el, t h e  i o n  concent ra t ion  i n  

t h e  e l e c t r o l y t e ,  i s  d iscussed  below, 

H' 

r a d i a t i o n  w i l l  b e  based on Equation 22, The v a l i d i t y  of t h i s  

equat ion depends on t h e  assumption tha t  iH i s  small, bo th  through 

Equations 17 and 20, Also i n h e r e n t  i n  t h e  whole d e r i v a t i o n  i s  



t h e  assumption t h a t  bo th  iH and cl are i n  the range where t h e  

opera t ion  i s  d i f f u s i o n  l imi t ed ,  For  example, i t  could no t  b e  

i n f e r r e d  from Equation 22 t h a t  making e a r b i t r a r  

lead  to  a s u b s t a n t i a l l y  h igher  s i n c e  even tua l ly  i i n  Equation 
1 

H 
3 would become a func t ion  of  e and $I would f a l l  o f f  due to t h e  

reduct ion  of hydrogen i o n  c u r r e n t  t o  the anode, 
1 0 

On t h e  o t h e r  

hand, i f  t h e  effect of r a d i a t i o n  is t o  i n c r e a s e  c t h e  d i f f u s i o n  

l i m i t e d  cond i t ion  w i l l  b e  a b e t t e d  and Equation 22 w i l l  s t i l l  
41, 

apply,  I n  t h i s  s$ tua t ion ,  a n  i n c r e a s e  i n  c causes a corresponding 

i n c r e a s e  i n  negat ive- ion concent ra t ion  and a given p o s i t i v e  i o n  
l 

on t h e  anode will b e  n e u t r a l i z e d  more r a p i d l y  so tha t  the s t eady  

s ta te  q0 w i l l  decrease ,  as i n d i c a t e d  by  Equation 22, 

Two p o s s i b l e  effects of r a d i a t i o n  are  (1) an i n c r e a s e  i n  e l 
due t o  t h e  product ion of hydrogen ions  i n  t h e  e l e c t r o l y t e ,  and 

The l a t t e r  (2) an i n c r e a s e  i n  i due t o  rad ia t ion- induced  H 

is expected t o  mainly r e s u l t  from energy depos i t i on  i n  t h e  elee- 

t r o l y t e  i t s e l f  s i n c e  the rate of d i f f u s i o n  of H2 produced i n  t h e  

organic  housing is expected t o  b e  slow, Another p o s s i b l e  effect  

of r a d i a t i o n  is t h e  var ia t ion of n,  the average va lence  number 

of the nega t ive  i o n s ,  and V, t h e  v e l o c i t y  of t h e  nega t ive  i o n s  

i n  a u n i t  e lec t r ic  f i e l d ,  Changes i n  these numbers, and hence i n  

a. 

approached t h a t  of he So4 ions ,  However, such changes are 

2"  H 

could r e s u l t  i f  t h e  s t eady  s ta te  concent ra t ion  of OHo i o n s  
5 

4% 



expected t o  be minor f o r  t h e  fol lowing reasons ,  S ince  t h e  

pos i t i ve - ion  v e l o c i t y ,  U, i s  expected t o  be  s u b s t a n t i a l l y  larger 

than V, one can w r i t e  approximately 

wi th  n between 1 and 2 ,  Now V i t s e l f  i s  proport iona-l  t o  n so 

t h a t  o t h e r  th ings  being equal ,  t h e  a f o r  equal  concent ra t ions  

of OH- and SO: i s  less than t h a t  f o r  pure SO= by only PO%, 

Although V i s  a l s o  i n v e r s e l y  p ropor t iona l  t o  t h e  i o n i c  r a d i u s ,  
4 

such r a d i i  do no t  u s u a l l y  d i f f e r  g r e a t l y  f r o m  one another ,  
- 0 

example, t h e  r a d i u s  of  S- i s  given as 1 , 8 4  A ,  whereas t h a t  of H- 

i s  2,08 A ,  I t  i s  concluded t h a t  a i s  approximately independent 

For  

0 

of t h e  i o n  concent ra t ion ,  

S imi l a r  cons ide ra t ions  show t h a t  t h e  effect  of r a d i a t i o n  

on t h e  r e s i s t i v i t y  of  t h e  e l e c t r o l y t e  i s  no t  g r e a t  enough t o  

w a r r a n t  d e t a i l e d  i n v e s t i g a t i o n ,  S ince  t h e  conduc t iv i ty  i s  l i m i t e d  

by t h e  flow of Cu 

i t  fol lows t h a t  t h e  c o n t r i b u t i o n  of an SO4 i o n  t o  t h e  c u r r e n t  i s  

fou r  times t h a t  due t o  an OH-ion so  t h a t  even f o r  equal  eon- 

c e n t r a t i o n s  t h e  effect  of OHm i s  t o  decrease  t h e  r e s i s t i v i t y  by 

+6- i o n s  and s i n c e  V i s  p ropor t iona l  t o  n ,  
- - 

only about 25%0 I t  i s  t h e r e f o r e  assumed t h a t  t h e  effect  of 

r a d i a t i o n  on r, t h e  t o t a l  impedance ( i n t e r n a l  C external') of t h e  

i n p u t  t o  t h e  c u r r e n t  a m p l i f i e r ,  can be  ignored,  
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The ul t imate  effect  of 9 i s  t o  create a n  electromotive 

f i e l d  which i n  t u r n  produces a c u r r e n t  d e n s i t y  t o  t h e  c u r r e n t  

a m p l i f i e r  which i s  p ropor t iona l  t o  @ and i n v e r s e l y  p ropor t iona l  

t o  r, 

induced v o l t a g e  p e r  u n i t  anode surface area) i s  def ined  as A / r  

and i f  aH i s  t h e  area of t h e  anode, t h e  response i n d i c a t e d  by 

0 

0 

Then i f  t h e  a m p l i f i c a t i o n  factor (meter reading  pe r  u n i t  

t h e  meter i s  

where use has been made of Equation 22, 

no allowance has  been made for  t h e  effect  of t h e  r a d i a t i o n  on H 0 

and SO: a l r e a d y  i n  t h e  e l e c t r o l y t e ,  

I n  t h e  preceding t rea tment  
+ 

3 
This  omission i s  reasonable  

s i n c e ,  f o r  t h e  r a d i a t i o n  f i e l d s  envisaged, on ly  a small f r a c t i o n  

of such ions  w i l l  b e  e f f e c t e d ,  and OH- i ons  produced f r o m  

t h e  water are only s i g n i f i c a n t  because t h e  number of water mole- 

c u l e s  p re sen t  g r e a t l y  exceed (by a factor of about 10 1 t h e  

number of ions ,  

+ The H 

3 

Equation 25 says t h a t  t h e  response i s  proportional.  t o  aHiH9 

t h e  t o t a l  hydrogen atom c u r r e n t  t o  t h e  anode, and i n v e r s e l y  

p ropor t iona l  t o  e t h e  hydrogen i o n  concent ra t ion ,  I n  order  

t o  p r e d i c t  t he  effect  of a r a d i a t i o n  f i e l d ,  one must t a k e  some 
IS 

model f o r  t h e  change of iH and el as a func t ion  o f  r a d i a t i o n  

l e v e l ,  Experience w i t h  t h e  i r r a d i a t i o n  of  a l l  sorts of hydrs- 

genous materials i n d i c a t e s  t h a t  the ra te  of H2 evo lu t ion  due t o  
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c 

r a d i a t i o n  i s  simply p ropor t iona l  t o  E ,  t h e  r a t e  of energy deposi-  

t i o n ,  It w i l l  b e  shown t h a t  t h i s  impl ies  a l i n e a r  var ia t ion  

of i w i t h  E,  

depends on factors such as recombination ra tes  which may them- 

0 

On t h e  o t h e r  hand, t h e  effect  of r a d i a t i o n  on c1 H 

lo 
selves depend on c 

The most probable  f i rs t  s t e p  i n  t h e  depos i t i on  of energy by 

r a d i a t i o n  i n  aqueous s o l u t i o n s  i s  t h e  d i r e c t  o r  i n d i r e c t  produe- 

t i o n  of  water molecules i n  h igh ly  exc i t ed  s ta tes  designated by 

H20*o Such molecules may react w i t h  s t a b l e  molecules e i t h e r  by 

de-exc i t ing  o r  by y i e l d i n g  protons t o  form OH- and H O*, 

t o  b e  expected t h a t  t h e  Patter process  w i l l  b e  g r e a t l y  ca ta lyzed  

It i s  3 

by t h e  presence of any i o n s  a l r e a d y  i n  the s o l u t i o n  ( s e e ,  f o r  ex- 

ample, Ref,, 3 ) ,  A reasonable  d e s c r i p t i o n  of t h e  secondary s t e p  

i n  radiat ion-induced i o n i z a t i o n  i s  t h e r e f o r e  

HzO* + N20 + H,O+ +- OH ( 2 6 )  
+ mm + H30* -4- H 0 

3 

The ra te  of removal i s  presumably c o n t r o l l e d  by t h e  number of  

i ons  w i t h  which recombination can occur,  Then i f  ci des igna te s  

t h e  excess hydrogen-ion concent ra t ion  due t o  r a d i a t i o n ,  t h e  

s t e a d y - s t a t e  cond i t ion  takes  t h e  form 
8 

s - = PE cp - R c p  cl E 0 
d t  
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* 
where B i s  t h e  production c o e f f f c r e n t  f o r  H20 molecules and R 

i s  t h e  removal c o e f f i c i e n t  for  H30 i o n s ,  Equation 27' impl ies  

t h a t  the concen t r a t ion  el as a func t ion  of r a d i a t i o n  l e v e l  i s  

given by 

4- 

(28) 

where 

The v a l i d i t y  of Equation 28 can, of course,  on ly  b e  j u s t i f i e d  

i n  terms of comparisons w i t h  experimental  d a t a ,  That i s ,  t h e  

proposed r e a c t i o n  mechanisms can only b e  regarded as r ea l i s t i c  i f  

a va lue  of p can be  found such t h a t  Equation 28 and 22 p r e d i c t  

t he  observed decrease i n  s e n s i t i v i t y  of t h e  sensor  as a func t ion  

of r a d i a t i o n  l e v e l ,  

I n  o rde r  t o  determine whether Equation 28 i s  i n  accord 

w i t h  t h e  d a t a ,  Equation 25 w i l l  be  used to c a l c u l a t e  t h e  "zero- 

corrected' '  response,  i , e , ,  t h e  d i f f e r e n c e  between I' , t h e  

response i n  t h e  presence of a given hydrogen sample, and I", 

t h e  response i n  t h e  absence of a hydrogen sample, 

par i son  e l imina te s  t h e  effect  of radiat ion-induced Hg molecules,  

From Equations 25 and 28 i t  i s  seen t h a t  t h e  zero-corrected 

This  com- 

response should b e  
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where I i s  t h e  response t o  t h e  given sample i n  t h e  absence of 

r a d i a t i o n ,  

on ly  hope t o  j u s t i f y  Equation 28 by f i n d i n g  a IJ. such that  

I n  t h e  absence of any information on P/R, one can 

Equation 30 g ives  a reasonable  f i t  t o  t h e  measured d a t a ,  

The zero-cor rec ted  experimental  d a t a  as a func t ion  of dose 

r a t e  shown i n  F igu re  4-1 are r e p l o t t e d  i n  F igu re  5-1; a l s o  

shown are  f i t s  corresponding t o  Equation 30 w i t h  I.I. = l , l 4  x lo" 
(e rg /g  C-h) ., Although the experimental  p o i n t s  a r e  badly  

-1 

s c a t t e r e d ,  i t  appears  t h a t  Equation 30 can g i v e  about as good 

a f i t  t o  t h e  d a t a  as can b e  made, It i s  t h e r e f o r e  t e n t a t i v e l y  

concluded t h a t  t h e  cons ide ra t ions  lead ing  t o  Equation 30 exp la in  

t h e  l o s s  of s e n s i t i v i t y  i n  zero-corrected response w i t h  i n -  

c r eas ing  l e v e l s  of r a d i a t i o n .  

5 ,2 ,4  

The upward d r i f t  of the i n d i c a t e d  response I"(i) w i t h  no 
e 

sample gas  as a func t ion  of E,  shown i n  F igu re  4-4, cannot be  

explained i n  terms of changes i n  i o n  concent ra t ion ,  Indeed, 

Equation 25 shows t h a t  i f  no H2 were evolved i n  t h e  e l e c t r o l y t e ,  
0 

I " ( E ) ,  t h e  response i n  t h e  absence of sample H 2 ,  would be z e r o  

f o r  a l l  r a d i a t i o n  levels, However, i t  i s  known t h a t  r a d i a t i o n  

produces H2 molecules i n  a l l  hydrogenous materials, 

assumed t h a t  H2 d i f f u s i o n  ou t  of t h e  o rgan ic  housing i s  too slow 

I f  i t  i s  

t o  b e  of importance, then I"(k)  i s  determined by t h e  H evolu t ion  
2 



0 . 1  

I 1 I I 

1.08% H2 

0 0.4% H2 

Eq. 30 p =l. 14 x lO-'(erg/g c-h)"' - 

0 4 8 12 1 6  20 24 
8 Gamma Dose R a t e ,  E (10 e r g / g  C-h) 

F igure  5-1 Zero-Corrected Response as a Function of Gamma Dose R a t e  
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3 i n  t h e  0,25.-cm e l e c t r o l y t i c  r e s e r v o i r  t oge the r  w i t h  t h e  change i n  

c-p, It w i l l  b e  clear from t h e  d i s c u s s i o n  below t h a t  once an PI2 

molecule f i n d s  i t s e l f  i n s i d e  t h e  e l  c t r o l y t e  t h e  chance of i t s  

d i f f u s i n g  back through t h e  membrane be fo re  being adsorbed on 

t h e  anode i s  n e g l i g i b l e ,  h e r e f o r e ,  if one knew t h e  g-value 

(number of H2 molecules evolved pe r  u n i t  mass pe r  100 

water, t h e  main c o n s t i t u e n t  of t h e  c e l l ,  t h e  hydrogen atom 

c u r r e n t  t o  t h e  anode would b e  

where M i s  t h e  mass of t h e  e lee t r s ly te ,  The o t h e r  parameters i n  

Equation 25 can a l s o  be  ca l cu la t ed :  

t h e  absence of r a d i a t i o n ,  and ci(E) from t h e  p va lue  obtained 

A a / r )  from t h e  response i n  
0 

above, P t  should t h e r e f o r e  be p o s s i b l e  t o  make an ab i n i t i o  

c a l c u l a t i o n  of %I' (E9 f f  g i s  given,  However, since t h e  ex- 
0 

perimental  d a t a  on g for water  are  i n  some doubt,  t h e  procedure h e r e  

w i l l  be  t o  c a l c u l a t e  (Aalr) and e l (E)  and then t r y  t o  f i n d  a g 

t h a t  w i l l  conform t o  t h e  experimental  da t a  on I" (k) shown i n  

0 

Figure  5-2, The e x t e n t  t o  which t h e  g ag rees  w i t h  those  i n  t h e  

l i t e r a t u r e  can then b e  taken a s  an i n d i c a t i o n  of t h e  v a l i d i t y  

of t h e  o v e r a l l  theory ,  , 

I n  t h e  absence of r a d i a t i o n ,  t h e  hydrogen-ion concen t r a t ion  

can be  es t imated  from t h e  assumption o f  t o t a l  d i s s o c i a t i o n ,  

Although 0 , l  'E3 IQ2S04 i n  pure water would imply a d i s s o c i a t i o n  
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cons tan t  of only 0,6%, t he  presence of CuSO ions  should cause  t h e  

d i s s o c i a t i o n  cons t an t  t o  b e  c l o s e r  t o  u n i t y ,  It i s  t h e r e f o r e  
4 

assumed t h a t  
-4 + 3 '  c l (0)  = 0,310 m o l e s / l f t e r  = 1 , O  x 310 moles H /em 

c u r r e n t  aHiH9 corresponding t o  a given meter response The 

(32) 

can 

b e  ,aPculated by e s t ima t ing  t h e  a c t u a l  r a t e  of d i f f u s i o n  L f  H2 

molecules through t h e  membrane f o r  a given sample concen t r a t ion ,  

To t h i s  end t h e  d i f f u s i o n  c o e f f i c i e n t  D f o r  H molecules i n  t h e  

membrane i s  c a l c u l a t e d  us ing  t h e  equat ion f o r  t h e  t i m e  cons t an t  t 

given i n  Reference 1: 

2 

c 

- - 
tc D 

Taking t h e  membrane th i ckness  as 

t, = 1,s sec ( t h e  

d a t a )  g i v e s  

A x  = 1 m i l  = 0,0025 e m  and 

t i m e  cons t an t  i n f e r r e d  from t h e  

g 34)  
2 D = 7 x c m  /see 

which f o r  any r easonab le  v e l o c i t y  of H2 i n s i d e  t h e  membrane i m -  

p l i e s  a very low t ransmiss ion  p r o b a b i l i t y  T f o r  a membrane 0,0025 

cm t h i c k ,  I n  t h i s  case (T << I )$  it can be  shown t h a t  

T = 4b(D/v)/ A x  ( 3 9  

where v i s  t h e  average v e l o c i t y  o f  H2 molecules i n  t h e  membrane, 

I f  v i s  taken t o  be  t h e  v e l o c i t y  of H2 molecules i n  a d i l u t e  
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gas  a t  o rd ina ry  temperature,  then Equation 35 gives 

"s = 0,8 x lop7  
which proves t h e  a s s e r t i o n  t h a t  once H2 molecules a re  i n  t h e  

e l e c t r o l y t e  they are adsorbed on t h e  anode, If t h e  membrane 

is exposed t o  an H2 concen t r a t ion  NH (molecules/cm. 1 and i f  

t h e  area of t h e  membrane exposed i s  taken as aH9 t h e  area of t h e  

3 
2 

anode (which i s  approximately t h e  case), then 

Evaluat ion of Equation 37 fo r  the NH2 corresponding t o  P atmosphere 

of hydrogen a t  300°K (so tha t  I" (0) = 1) gives 
15 aHiH = 2,6 x PO H atoms/sec = 4,O x l o m 4  amp 

where f o r  convenience of comparison t h e  H - a t o m  c u r r e n t  has  been 

t r a n s l a t e d  i n t o  the number of ampere-equivalents of c u r r e n t  

flowing t o  t h e  anode i n  t h e  form of hydrogen i o n s ,  S u b s t i t u t i o n  

of I"(0) = 1 along w i t h  t h e  values given i n  Equation 32 and 

Equation 38 i n t o  Equation 25 g i v e s  

(39)  
-E 3 (Aalr) = O,25 amp moles/cm 

It wens shown above t h a t  v = l , l 4  x POm9 (erg/g @-h 

a reasonable  explana t ion  of t h e  zero-corrected da ta ,  I f  one 

takes t h i s  value toge the r  w i t h  cl(0) = 1 , O  x 10 -4 molesdcm 3 

from Equation 32,  then Equation 28 g ives  
-13 

cl(i) = l o o  x l om4  4- 1,314 x 10 



0 3 0 

where c l ( E )  i s  i n  moles/em and E i n  e rg /g  C-h, Then from 

Equations 25, 39, and 40, 

0 

P(E)  = 0,125 41 

where t h e  t o t a l  hydrogen-atom c u r r e n t  t o  t h e  anode, aHiH, i s  

expressed i n  ampere-equivalents. Equation 441 should hold  i n  

t h e  g e n e r a l  case where p a r t  of t h e  hydrogen c u r r e n t  t o  t h e  

anode i s  due t o  d i f f u s i o n  through t h e  membrane and p a r t  due 

t o  rad ia t ion- induced  evolu t ion  i n  t h e  e l e c t r o l y t e ,  I n  t h e  

case  where t h e  sample concen t r a t ion  i s  O%, a i i s  given by 

Equation 31, I f  t h e  mass of t h e  0,25 em of e l e c t r o l y t e  i s  

taken t o  b e  00%5 grams, and i f  g i s  expressed i n  H 

100 eV as i s  u s u a l ,  then t h e  hydrogen c u r r e n t  ( p e r  second) t o  t h e  

H H  
3 

molecules/  2 

anode i s  
-12 

0 , 2 5 ~ / 3 6 0 0 ) / ( 1 0 6 0  x l O  ) ( loo)  
o r ,  i n  terms of ampere-equivalents,  

Therefore ,  t h e  response f o r  t h e  ease of a 0% sample should be  

The meter response f o r  0% hydrogen shown i n  F igu re  4-4 i s  

r e p l o t t e d  on a l i nea r  scale i n  F igu re  5-2, a long w i t h  t h e  evalua- 

t i o n  of Equation 44 f o r  g = Q,09 H2 molecules/100 (which 
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value  does not  n e c e s s a r i l y  g i v e  t h e  b e s t  f i t ) ,  The agreement 

i s  as good as could b e  expected i n  view of t h e  many approxima- 

t i o n s  involved, Three f e a t u r e s  of t h e  comparison are  noteworthy, 

The f i r s t  i s  t h a t  had t h e  v a r i a t i o n  i n  no t  been taken i n t o  

account,  the c a l c u l a t e d  resul ts  would have been curves of 

cons tan t  s lope ,  which would b e  hard t o  r e c o n c i l e  w i t h  t h e  da t a ,  

Second, if an a t t empt  had been made t o  f i n d  a value of 

would g i v e  t h e  b e s t  overall  agx'eement i n  F igures  5-1 and 5-2, 

p which 

a b e t t e r  p r e d i c t i o n  of the more numerous lower values i n  

F igure  5-2 would have r e s u l t e d ,  Thi rd ,  t h e  g va lue  of  i ce  

warmed up a f t e r  i r r a d i a t i o n  a t  70°K i s  found t o  b e  g = 0 , l  H2 

molecules/POO eV ( R e f ,  4 )  i n  good agreement wi th  t h e  i n f e r r e d  

g = 0,09, 

r e s u l t s  i n  t h i s  connection i s  t h a t  H-atoms a re  mobile a t  90 K 

The reason f o r  a t t a c h i n g  any s i g n i f i c a n c e  t o  t h e  l a t t e r  
0 

and should t h e r e f o r e  form H2 molecules a t  about t h e  same r a t e  as 

i n  water, Although no d a t a  on t h e  g va lue  of  water i n  t h e  l i q u i d  

s t a t e  have y e t  been loca ted ,  it i s  t e n t a t i v e l y  concluded t h a t  t h e  

theory presented  above i s  i n  reasonable  q u a n t i t a t i v e  agreement 

w i t h  a l l  of the experimental  resu l t s ,  

I n  c l o s i n g  t h e  s u b j e c t  of  s e n s i t i v i t y  and ze ro  d r i f t  as a 

func t ion  o f  r a d i a t i o n  level,  i t  i s  w e l l  t o  n o t e  t h a t  i n  comparing 

t h e  response w i t h  

depos i ted  i n  t h e  e l e c t r o l y t e  has  been neglec ted ,  

dose r a t e  a c e r t a i n  f r a c t i o n  of energy 

On t h e  b a s i s  
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of  measured neutron f l u x e s  and assumed s p e c t r a ,  i t  i s  est imated 

t h a t  hydrogen r e c o i l s  i n  the exec r o l y t e  c o n s t i t u t e  an energy 

depos i t i on  ra te  equal  t o  about 25% of t h e  gamma dose ra te ,  

Allowance f o r  t h i s  effect  i n  t h e  above comparisons would 

only in t roduce  a minor s c a l i n g  f a c t o r  and would have no effect  

on the apparent  success  of t h e  a n a l y s i s ,  

5,4 Other Effects Observed 

The most probably explana t ion  of t h e  observed i n c r e a s e  i n  

z e r o - i n s t a b i l i t y  w i t h  inc reas ing  exposure ra te  appears  t o  b e  

t h e  effect  of temperature  f l u c t u a t i o n s  on the s t e a d y - s t a t e  

hydrogen-ion concent ra t ion ,  The temperature  of t h e  copper p l a t e  

over t h e  membrane was observed t o  vary by as much as E5'F during 

t h e  experiment and i n  a way which was n o t  c o r r e l a t e d  w i t h  t h e  

temperature of t h e  sensor  housing, This  impl ies  t h a t  t h e  elec- 

t r o l y t e  was subjec ted  t o  cons ide rab le  temperature  v a r i a t i o n s  

which may w e l l  have been o u t  of phase w i t h  those  of t h e  copper 

p l a t e  because of t h e  r e l a t i v e l y  high s p e c i f i c  hea t  of the 

Although temperature v a r i a t i o n  i n  t h e  e l e c t r o l y t e  could have 

l i t t l e  e f fec t  on t h e  ra te  of evo lu t ion  of H2 gas,  i t  i s  t o  b e  

expected that  a "B'F change could cause t h e  r a t e  cons t an t  f o r  

hydrogen-isn product ion through the i n d i r e c t  process  assumed i n  

Equation 26 t o  vary  by  an o rde r  of magnitude. An i n c r e a s i n g  
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z e r o - i n s t a b i l i t y  w i t h  inc reas ing  r a d i a t i o n  r a t e  i s  t h e r e f o r e  a 

l o g i c a l  consequence of t h e  theory  proposed t o  expla in  the loss  

of zero-cor rec ted  s e n s i t i v i t y  and ze ro  d r i f t ,  For  a 0% hydrogen 

sample, t h e  sensor  responds t o  hydrogen gas  which i s  evolved i n  

t h e  e l e c t r o l y t e  a t  a r a t e  independent of temperature,  Once t h e  

meter has been a d j u s t e d  t o  zero ,  i t  would remain t h e r e  i f  t h e  

hydrogen-ion concent ra t ion  were cons t an t ,  s i n c e  t h e  c u r r e n t  of 

i n t e r n a l l y  produced B-atoms t o  t h e  anode is independent of 

temperature,  However, a t  h igh  r a d i a t i o n  levels (on t h e  o rde r  of 

10 e rgs /g  C-h), t h e  excess hydrogen-ion concent ra t ion  due t o  

c 

9 

r a d i a t i o n  becomes comparable t o  tha t  of t h e  u n i r r a d i a t e d  e l e c t r o -  

l y t e ,  Under t h i s  cond i t ion ,  i t  i s  est imated from F igure  5-2 t h a t  a 

factor  of two decrease  i n  excess concent ra t ion  caused by a 

tempekature change of  several degrees  would resu l t  i n  an  apparent  

i n d i c a t i o n  of more than  1% hydrogen, Unfor tuna te ly ,  s i n c e  t h e  

temperature of t h e  e l e c t r o l y t e  could no t  b e  monitored, i t  i s  no t  

poss ib l e  t o  make even a q u a l i t a t i v e  check on t h i s  suppos i t ion ,  

A r a p i d  recovery of performance a f te r  i r r a d i a t i o n  wou 

expected i n  terms of the above t.heory, s i n c e  i n  t h e  absence of  

r a d i a t i o n ,  bo th  evolved hydrogen and excess hydrogen i o n s  should 

vanish  almost immediately, Such a r a p i d  recovery was observed 

a f t e r  the las t  shutdown b u t  no t  after the f irst  one, 
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The reason f o r  the d i f f i c u l t y  w i t h  response times w a s ,  of 

course,  t h a t  due t o  the z e r o - i n s t a b i l i t y  i t  was impossible  t o  

a s s i g n  a f i n a l  asymptot ic  response fo r  a given reading ,  It  i s  

l i k e l y  that  t h e  gas bubble observed several days a f te r  t h e  irra- 

d i a t i o n  evolved as a r e su l t  of evaporat ion and does n o t  re la te  

t o  any o t h e r  effects observed except  f o r  t h e  h igh  impedance which 

i s  a t t r i b u t e d  t o  loss of e l e c t r o l y t e ,  

It should b e  noted t h a t  none of t h e  effects c i t e d  above 

c o n s t i t u t e s  a problem which i s  beyond remedy, Comparison of 

t h e  t h e o r e t i c a l  and experimental  r e s u l t s  shows tha t ,  i n  a 

sense ,  t h e  device  worked p rope r ly  a t  a l l  r a d i a t i o n  levelss, There 

i s  no i n d i c a t i o n  t h a t  t h e  response w a s  nonl inear ;  t h e  d r i f t s  

and f l u c t u a t i o n s  t h a t  occurred r e s u l t e d  from r a d i a t i o n  effects and 

temperature v a r i a t i o n s  which changed t h e  p r o p e r t i e s  of t h e  

e l e c t r o l y t e ,  b u t  such changes were appa ren t ly  confined t o  a 

range corresponding t o  a s t a b l e  response t o  e x t e r n a l  hydrogen 

gas  

5 * 4  

The experimental  d a t a  i n d i c a t e  t h a t  some problems w i l  

encountered i n  t h e  ope ra t ion  of t h e  sensor  fo r  dose- ra te  levels 

i n  excess of 2 x PO 7 erg/g C-h, n l i g h t  of t h e  foregoing 

a n a l y s i s ,  t h e  fol lowing suggest ions might b e  considered as a means 

of improving i t s  performance a t  h ighe r  dose rates: 



a,  

b o  

c0 

de  

A p a i r  of sensors  might b e  used i n  oppos i t ion ,  w 
one exposed t o  t h e  hydrogen sample and one sea l ed  
a g a i n s t  e x t e r n a l  hydrogen, I n  t h i s  way t h e  c u r r e n t  
to  the c u r r e n t  a m p l i f i e r  r e s u l t i n g  from r a d i a t i o n  
effects i n  the e l e c t r o l y t e  would b e  annuled, 

A more uniform method of temperature  c o n t r o l  s b u l d  
b e  u t i l i z e d ,  

The sensor  can,  of course,  b e  sh i e lded ,  

The sensor ,  except for  t h e  membrane, could be  
f a b r i c a t e d  of ceramic, 

5 * 5  

a,  

b o  

c o  

d o  

e, 

The observed decrease  i n  zero-corrected s e n s i t i v i t y  
is due t o  a radiat ion-induced s t e a d y - s t a t e  i n c r e a s e  
i n  t h e  negat ive- ion concen t r a t ion  of t h e  e l e c t r o l y t e ,  

The observed upward d r i f t  o f  response w i t h  i n c r e a s i n g  
r a d i a t i o n  levels i n  the absence of hydrogen sample 
i s  due t o  the radiat ion-induced evo lu t ion  of H2 gas 
i n  t h e  e l e c t r o l y t e ,  

I n s t a b i l i t y  of response a t  h igh  dose rates r e s u l t e d  
from temperature  f l u c t u a t i o n s  which a f f e c t e d  t h e  
ra te  cons t an t  f o r  rad ia t ion- induced  i o n  product ion i n  
the e l e c t r o l y t e ,  

I n  s p i t e  of t h e  d r i f t s  and f l u c t u a t i o n s ,  t h e  sensor  
continued t o  perform w i t h i n  i t s  l i n e a r  range of 
opera t ion  a t  h igh  dose ra tes ,  

For  use  i n  r a d i a t i o n  f i e l d s  i n  excess of 2 x fO 
erg /g  C-h, cons ide ra t ion  should b e  given t o  (1) 
us ing  a p a i r  of ana lyze r s  i n  oppos i t ion  and, (2  
providing a more uniform temperature  c o n t r o l  by 
means of a coolan t  ba th ;  i t  i s  recommended tha t  
another  experiment b e  run  implementing t h e s e  
sugges t ions ,  

7 
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